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Autopsy of a cell 

Leukemia (2014) 28, 1341-1343; doi:10.1038/leu.2014.17 

Staining with annexin V, which detects the externalization of 
phosphatidylserine on cells, is a widespread method for 
the assessment of cell death, and in particular, apoptosis. 1 
Although additional assays are important for demonstrating 
apoptosis, many studies use annexin V staining in isolation and 
directly equate annexin V positivity with apoptosis. Is this a 
problem? Although cells undergoing apoptosis externalize 
phosphatidylserine, describing annexin V-positive cells as 
apoptotic can be misleading. Here we briefly highlight strengths 
and limitations of assessing apoptosis using annexin V staining. 

Apoptosis is a defined cell death mechanism, the central 
features of which include: activation of caspases, changes in the 
plasma membrane, nuclear condensation, DNA fragmentation and 
cell shrinkage. Importantly these changes occur before the loss of 
plasma membrane integrity. 2 Other forms of cell death have been 
defined such as necrosis and 'autophagic' cell death whereas 
numerous others linger on the edge of formal definition. 3 
These alternate forms of cell death can have overlapping 
biochemical features, some of which have also been ascribed to 
apoptosis. 

The biochemical features of apoptosis have been used to 
develop a range of assays, with the cleavage of caspases, DNA 
fragmentation, mitochondrial depolarization and membrane 
changes being popular. Perhaps the most commonly used assay 



is annexin V staining, which is based on the changes in plasma 
membrane lipid asymmetry that occur early in apoptosis. The 
plasma membrane is highly organized consisting of two leaflets of 
distinct composition. The outer leaflet is electrostatically neutral 
being made up of phosphatidylcholine and sphingomyelin, 
whereas the inner leaflet contains the aminophospholipids 
phosphatidylethanolamine and phosphatidylserine (PS), and the 
negatively charged phosphatidic acid. This asymmetry is main- 
tained in an energy dependent manner by specific lipid 
transporters. On caspase activation, the membrane protein Xkr8 
is cleaved and 'scrambles' the plasma membrane lipids, such that 
the asymmetry is lost. 4 Cell surface phosphatidylserine provides an 
'eat me' signal which results in the rapid removal of apoptotic cells 
by phagocytes. Annexin V preferentially binds to negatively 
charged phospholipids such as PS, and when fluorescently 
labeled, it provides a rapid, simple and sensitive assay to 
quantitate the proportion of cells with exposed PS. It requires 
relatively few cells and can be added to multi-parameter 
approaches such as flow cytometry to simultaneously detect a 
number of other cellular features. 5,6 Because lipid asymmetry is 
also lost upon disruption of plasma membrane integrity, this is 
often combined with membrane-impermeable stains to detect 
cells that undergo apoptosis. The simplicity of the assay along 
with its active promotion by industry has resulted in its extensive 
use and the terms annexin V-positive and apoptosis have for 
many become synonymous. Unfortunately despite the elegant 
simplicity of the assay, its interpretation is not that simple. 
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Figure 1. Different staining patterns for annexin V/PI staining resulting from treatment of the same cells with different agents (a and b) over 
time. The quadrants are named on the first dot plot. 
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How specific is annexin V staining for apoptosis? Loss of plasma 
membrane asymmetry occurs in most cells undergoing apoptosis, 
although cells lacking Xpr8, which occurs in some cancers 4 fail to 
do so, and defective autophagy appears to also disrupt this 
process, resulting in false negative results. 7 Another reason for not 
detecting or underestimating apoptosis by annexin V staining is the 
rapid removal of cells in early apoptosis by phagocytic cells. This 
commonly occurs in vivo, but can also occur in in vitro cultures 
where phagocytes are present, such as blood or bone marrow 
cultures. However, external ization of phosphatidylserine can occur 
independently of apoptosis. In particular, a calcium dependent lipid 
scramblase, TMEM16, causes loss of lipid asymmetry upon elevation 
of intracellular calcium in the absence of cell death. 8 Healthy 
monocytes and macrophages can stain positive following the 
phagocytosis, stressed tumor cells and tumor vascular endothelium 
as well as activated platelets can also bind annexin V. In addition, 
viral entry into host cells and fertilization of ova cause transient 
externalization of phosphatidylserine. 

The failure to ensure that the cells retain an intact plasma 
membrane is a common error in the assessment and reporting of 
annexin V data. If the plasma membrane integrity is lost, even 
transiently, annexin V will bind to cells regardless of whether or 
how they have died. 5-7 This can be particularly problematic when 
cells have been isolated by mechanical means, have undergone 
electroporation, transfection or transduction, all of which can cause 
at least transient leakiness of the plasma membrane and loss of 
membrane asymmetry. A vital dye must be included to determine 
that phosphatidylserine has been externalized (annexin V-positive/ 
vital dye negative, Figure 1a Q4). Nonetheless, cells are regularly 
reported as being annexin V-positive and apoptotic without data 
confirming the integrity of the plasma membrane. In these 
situations it is impossible to know whether cells had externalized 
phosphatidylserine or a permeabilized plasma membrane. The 
initial papers describing annexin V staining in apoptosis carefully 
referred to annexin V-positive/vital dye negative cells (Figure 1a Q4) 
as apoptotic and those that were dual positive or positive for the 
vital dye alone as necrotic or simply as dead (Figure 1a Q2). 6 Later, 
this dual positive population was referred to as late apoptotic 9 and 
although this definition is correct if apoptosis is known to be the 
mechanism of cell death, the term has led to considerable 
confusion. This is because some scientists concluded that dual 
staining with annexin V and a vital dye is diagnostic of late 
apoptosis, whether or not apoptosis has occurred. If a clear annexin 
V-positive/vital dye negative population is not apparent (Figure 1b), 
then the evidence for apoptosis is clearly insufficient, but 
unfortunately plots like those shown in Figure 1b are not 
uncommonly presented to attest that cells have died by apoptosis. 
Even when an annexin V-positive/vital dye negative population is 
present, additional evidence should be obtained before concluding 
that apoptosis is the mechanism of cell death. 

Perhaps the most common supporting evidence for apoptosis is 
the cleavage of caspases. Many assays are available to quantitate 
caspase cleavage including western blotting, flow cytometric and 
ELISA-based assays, but some only permit the user to determine a 
fold increase in caspase cleavage or activity following treatment. 
This can be deceptive and inclusion of a positive control where 
apoptosis is the known death mechanism is important. Although the 
specific cleavage of caspase-3 and caspase-7 is indicative of their 
activation (and can be detected with cleaved product-specific 
antibodies), the cleavage of other caspases is not. 10 An alternative, 
such as the use of fluorescent caspase substrates for staining, is 
problematic in that these agents often stain non-specifically. 11 

So how does one determine whether apoptosis is the death 
mechanism identified? There are several answers to this question 
and largely it depends on the system being investigated and 
resources available. Reduced DNA content as assessed by flow 
cytometry using DNA intercalating dyes such as propidium iodide 
to detect a sub-G1 peak is another common method. Although 
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Figure 2. Cartoon representing cells stained with annexin V (green) 
and a vital dye (red). 



this is a very useful assay for quantitation once apoptosis has been 
confirmed, it is not evidence for apoptosis per se, as the DNA of 
dead cells can also be degraded by extracellular DNases that gain 
access to the nucleus. 12 We would suggest that at a minimum at 
least one functional assay be undertaken in addition to the 
descriptive methods. The most simple is pan-caspase inhibition. 
Although caspase inhibitors are not particularly specific and 
cells can die via another mechanism if caspases are blocked, the 
application of a pan-caspase inhibitor should reduce the number 
of dead cells or at least delay the process when death is due to 
apoptosis. If the cells are susceptible to genetic manipulation then 
overexpression of proteins that inhibit apoptosis or knockdown of 
those required provides stronger evidence. Apoptosis that 
proceeds via the mitochondrial pathway is blocked by anti- 
apoptotic Bcl-2 proteins such as Bcl-2 and Bcl-xL, and sensitized by 
specific antagonists of these proteins such as ABT-737. 13 Use of 
enforced expression of these proteins and/or specific antagonists 
can greatly aid in drawing mechanistic conclusions. 

For researchers studying death mechanisms, identifying the 
details involved in the demise of a cell is of key importance. 
However, for some investigators the mode of cell death is not a 
major concern as the aim is simply to kill the cell in question. 
It may not be helpful to state that apoptosis is the mechanism when 
the only evidence is an annexin V/vital dye stain. It would be better 
to simply state that the cells are being killed without referring to a 
specific death mechanism. Rather than reporting the percentage of 
apoptotic cells or even annexin V-positive cells, a report of the 
remaining viable fraction is often useful, especially if that fraction 
can be shown to retain function. Reviewers and editors should insist 
that the word 'apoptosis' only be used where apoptosis has been 
clearly demonstrated. This would not necessarily diminish the 
overall message of many papers and would help wean the scientific 
community off the apoptosis addiction. 

Test Question: Which of the cells in Figure 2 are apoptotic? 
Answer: You cannot tell. You do not have enough information. 
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Monoallelic point mutations in isocitrate dehydrogenase (IDH) 
define distinct subsets of lower-grade glioma and secondary 
glioblastoma, chondrosarcoma, intrahepatic cholangiocarcinomas 
and hematological malignancies. IDH is a metabolic enzyme that 
interconverts isocitrate and oc-ketoglutarate (ocKG), but cancer- 
associated point mutations in IDH confer a new or neomorphic 
activity that allows reduction of ocKG to the oncometabolite 
R-2-hydroxyglutarate (2-HG). 1 As a consequence, IDH-mutated 
cancers display increased intracellular 2-HG concentrations of 
10- to 100-fold. In patients suffering from acute myeloid leukemias 
(AML), 2-HG level in serum is a predictor of the presence of 
IDH mutations and patient outcome. 2-4 Although the precise 
oncogenic consequences of IDH mutations remain unclear, high 
levels of 2-HG have been shown to inhibit aKG-dependent 
dioxygenases, including the EglN prolyl-4-hydroxylases that 
regulate the activity of the hypoxia-responsive HIF transcription 
factor as well as the JmjC domain-containing histone 
demethylases and TET methylcytosine hydroxylases that have 
critical roles in epigenetic gene regulation (reviewed in Losman 
et al. 5 ). Mutations of IDH and TET2 are mutually exclusive in AML 
suggesting that they may act along the same pathway. 6 In human 
cancers, IDH mutants expression associates with hypermethylation 
of CpG loci and in vitro and in vivo modeling of IDH mutations 
results in histone H3 and H4 methylation modifications and DNA 
hypermethylation as well as block in cellular differentiation 7 (and 
reviewed in Losman et al. 5 ). Specific pharmacological inhibition of 
IDH mutants results in decrease of 2-HG levels and release of the 
differentiation block. 8 " 10 

In human hematological malignancies, IDH mutations are more 
frequent in acute than in chronic diseases. Consistent with this, 
IDH1 R132H or IDH2 R140Q are frequent in AML and mice engineered 
to express these mutations in hematopoietic cells show defects in 
stem/early progenitor cells differentiation. 11,12 However, except 
following oncogenic collaboration with high levels of HOXA9 u or 



with FH3-ITD or A/ras G72D , 12 none of these mutants triggers full- 
blown leukemia in mouse models. Moreover, none gives rise to 
lymphoid malignancies, whereas IDH2 mutations are frequent in 
human angioimmunoblastic T-cell lymphoma. 14 To analyze 
IDH2 R140Q oncogenic activity in myeloid and lymphoid lineages, 
we assayed its retrovirally mediated expression in murine primary 
hematopoietic bone marrow (BM) stem/progenitor populations 
using a Murine Stem Cell Virus (MSCV)-IRES-eGFP vector 
expressing the mutant. It was previously reported that ectopic 
expression of IDH2 R140Q in primary murine hematopoietic BM cells 
in culture leads to an increase in the proportion of stem/ 
progenitor cells defined as lineage- (I in-), sca-1 + c-kit + (LSK) 6 
and that its expression in the human erythroleukemia TF-1 cell line 




Figure 1. The retroviral-mediated expression of IDH2 reduces 
differentiation of primary murine bone marrow lineage-sca-1 +c- 
kit+ (LSK) cells toward myeloid and lymphoid lineages in culture. 
Representative histograms analyzing the erythroid (Ter119)- and B 
lymphoid (B220)-positive compartments from MSCV- and MSCV- 
/DH2 /?740Q -transduced LSK cells upon 17 days of coculture with MS5 
stromal cells. Live cells were gated using forward and side scatter 
and further gated on GFP-positivity. GFP, green fluorescent protein; 
MSCV, murine stem cell virus. 
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